Light-induced changes in the volume of protoplasts bathed in a medium of constant osmolarity are useful indications of light-dependent cellular osmoregulation. With this in mind, we investigated the effect of light on the volume of protoplasts isolated from the elongating stems of pea (Pisum sativum) seedlings raised under red light. The protoplasts were isolated separately from epidermal peels and the remaining peeled stems. Under continuous red light, the protoplasts of peeled stems swelled steadily, but those of epidermal peels maintained a constant volume. Experiments employing far-red light and phytochrome-deficient mutants revealed that the observed swelling is a light-induced response mediated mainly by phytochromes A and B with a little greater contribution by phytochrome A. Protoplasts of epidermal peels and peeled stems shrank transiently in response to a pulse of blue light. The blue light responsiveness in this shrinking response, which itself is probably mediated by cryptochrome, is under the strict control of phytochromes A and B with equal contributions by these phytochromes. We suggest that the swelling response participates in the maintenance of high tissue tension of elongating stems and that the shrinking response is involved in stem growth inhibition. Other findings include the following: The swelling is caused by uptake of K ϩ and Cl Ϫ . The presence of Ca 2ϩ in the bathing medium is required for phytochrome signaling in the swelling response, but not in the response establishing blue light responsiveness. Phytochrome A mediates the two responses in a totally red/far-red light reversible manner, as does phytochrome B.
Red light (R) has been shown to induce swelling of the protoplasts isolated from etiolated grass leaves (Blakeley et al., 1983; Kim et al., 1986; Bossen et al., 1988; Chung et al., 1988; Zhou et al., 1990) and mung bean hypocotyls (Long et al., 1995) . These swelling responses are largely far-red light (FR) reversible, indicating that they are mediated by phytochrome. More recently, protoplasts of maize coleoptiles (Wang and Iino, 1997) and Arabidopsis hypocotyls (Wang and Iino, 1998) have been shown to shrink in response to blue light. These shrinking responses, bearing many kinetic similarities, have been observed in the protoplasts isolated from R-grown seedlings. The response is absent in the hy4 mutant of Arabidopsis (Wang and Iino, 1998) , indicating that it is mediated by cryptochrome 1 (Ahmad and Cashmore, 1993) .
In studies investigating the effect of blue light Iino (1997, 1998) observed that the protoplasts of maize coleoptiles and Arabidopsis hypocotyls swell continuously under background R. At least in Arabidopsis, the observed swelling appears to be a phytochrome-mediated response because it is less evident in phytochrome-deficient mutants (Wang and Iino, 1998) . Furthermore, it has been shown that in addition to inducing a swelling response, phytochrome controls the occurrence of the cryptochromedependent shrinking response. In fact, the shrinking response is absent from the mutant deficient in phytochromes A and B.
A change in the volume of the protoplasts bathed in a medium of constant osmolarity reflects a nearly parallel change in the cellular content of osmotic solutes. Therefore, the change in protoplast volume induced by light is a measure of light-dependent osmoregulation. The solute content can be modulated metabolically or by control of ion fluxes through the plasma membrane. It has not yet been clarified in which way the protoplasts of grass leaves increase the solute content for the phytochrome-mediated swelling response (Blakeley et al., 1983; Bossen et al., 1988) . On the other hand, the cryptochrome-mediated shrinking and the phytochrome-mediated swelling in Arabidopsis hypocotyl protoplasts appear to be based entirely on the control of ion fluxes (Wang and Iino, 1998) . Both responses are inhibited by the plasma-membrane H ϩ -ATPase inhibitor vanadate, and the shrinking response is inhibited by the anion channel inhibitor, 5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB). The R-dependent swelling and the volume recovery after the blue-light-induced shrinkage do not occur at neutral pH or when K ϩ or Cl Ϫ in the bathing medium is replaced by a membrane impermeant ion. These results together indicate that protoplasts shrink by excreting K ϩ and anions (mainly Cl Ϫ ) and swell by taking up K ϩ and Cl Ϫ from the bathing medium.
It has been suggested that the phytochromemediated swelling of grass leaf protoplasts is causally related to leaf unrolling (Zhou et al., 1990) . However, as mentioned above, the swelling response can also be induced in hypocotyl protoplasts. The physiological significance of phytochrome-mediated swelling responses, at least of those observed in hypocotyl protoplasts, is yet to be investigated. On the other hand, the blue light-sensitive shrinking response may be causally related to blue lightdependent growth inhibition. Growth measurements made on maize coleoptiles have provided evidence for this possibility (Wang and Iino, 1997) . However, the suggested causality between the protoplast shrinking response and the growth inhibition in Arabidopsis hypocotyls (Wang and Iino, 1998) has to be reevaluated in view of the recent results on photoreceptor-growth relationships obtained using photoreceptor mutants of Arabidopsis (Casal and Mazzella, 1998; Neff and Chory, 1998; Parks et al., 1998; Poppe et al., 1998) . This issue will be considered in "Discussion."
In understanding the physiological roles of lightdependent osmoregulation it would be important to determine whether the responses described above are expressed or blocked in a tissue specific manner. Most of the protoplasts isolated from Arabidopsis hypocotyls expressed cryptochrome-and phytochromemediated osmoregulation, as well as the phytochrome control of blue light responsiveness (Wang and Iino, 1998) . So far, there is no evidence that any of these responses has tissue specificity.
The present study was initiated to obtain more information about light-dependent osmoregulation. The growing stem of R-grown pea (Pisum sativum) seedlings was chosen as the material. Because the epidermal layer can easily be peeled off from the pea stem, it was possible to investigate the light-induced swelling and shrinking responses using protoplasts isolated separately from epidermal peels and the remaining, peeled stems. We have been able to confirm and extend the results obtained using Arabidopsis protoplasts and to obtain insights into the possible roles played by light-dependent osmoregulation at the tissue level.
RESULTS
As described in detail in "Materials and Methods," protoplasts were prepared from a defined elongating zone of the third internode of R-grown pea seedlings. During this preparation, tissues and protoplasts were freely exposed to R (2-3 mol m Ϫ2 s Ϫ1 ), but not to any other light. The freshly prepared protoplasts were incubated under background R (50 mol m Ϫ2 s Ϫ1 ) on the sample stage of an inverted microscope. Epidermal peels and the remaining, peeled stems were used separately to obtain protoplasts. Almost all of the protoplasts isolated from epidermal peels did not contain chloroplasts that emit red fluorescence when excited with blue light in a fluorescence microscope. This observation, confirmed on different occasions, indicates that the protoplasts derived almost entirely from epidermis. On the other hand, it is to be expected that the protoplasts from peeled stems originated from many tissues other than the epidermis. The protoplasts of epidermal peels and those of peeled stems are referred to here as the epidermal protoplasts and nonepidermal protoplasts, respectively.
Unless otherwise specified, the following experiments were conducted using seedlings of the cultivar Alaska.
Changes in Protoplast Volume under Background R and following Blue Light Stimulation
The nonepidermal protoplasts showed a steady increase in volume under background R (Fig. 1C) . In sharp contrast, the epidermal protoplasts maintained a nearly constant volume (Fig. 1A ). When treated with blue light for 30 s (fluence: 3,500 mol m Ϫ2 ) under background R, epidermal and nonepidermal protoplasts responded with shrinkage ( Fig. 1, B and D). The shrinkage could be detected 1 min after the onset of the blue light pulse, and the minimal volume (about 95%) was established at about 5 min. We also carried out similar experiments using protoplasts isolated from unpeeled stems. The time courses of the mean volume were nearly identical to those obtained with nonepidermal protoplasts (not shown), in agreement with the prediction that the epidermal protoplasts constituted only a small portion of the entire population.
The size of protoplasts used for the analysis varied considerably (see "Materials and Methods"). To investigate whether the protoplast size had any relationship to the observed changes in volume, the protoplasts used to obtain each set of the results in Figure 1 were divided into three groups (small, medium, and large) with respect to size at time zero, and time courses of the mean relative volume were obtained separately (not shown). The size division was made in such a way that equal numbers of protoplasts were distributed into the three groups. In every case the time courses obtained separately for the three groups were similar to the one obtained for the entire population. The relative rate of swelling and the extent of shrinkage tended to become smaller with protoplast size. However, the differences among the three groups were relatively small; the relative rate of swelling or the extent of shrinkage in large protoplasts was not less than 75% of that in small protoplasts.
To investigate whether the volume changes observed in Figure 1 were characteristic of the protoplasts isolated from the elongating stem zone we carried out additional experiments using protoplasts isolated from unpeeled segments of the second internode, which had almost ceased to elongate. These protoplasts retained a nearly constant volume under background R. They showed a blue light-sensitive shrinking response, but the extent of shrinkage was not more than 20% of that observed for the unpeeled segments of the rapidly elongating second internode (not shown). These results indicate that the swelling under background R and the blue light-sensitive shrinking response are positively correlated with the growth activity.
Involvement of Phytochrome
The epidermal protoplasts pretreated with 30 min of darkness showed a blue light-sensitive shrinking response ( Fig. 2A ) comparable with that found without dark pretreatment (Fig. 1B) . However, when the protoplasts were exposed to a pulse of FR at the beginning of the 30-min pretreatment period, the shrinking response disappeared (Fig. 2B) . The occurrence of shrinking response could be reversibly controlled by subsequent pulses of R and FR (Fig. 2, C and D) . Therefore, the ability of protoplasts to respond to blue light depended strictly on the FR-absorbing form of phytochrome (Pfr) generated just before the dark period and probably sustained during this period. Figure 3 summarizes the results from a series of similar experiments conducted with nonepidermal protoplasts. As described above, these protoplasts swelled under background R. The results in Figure 3 (A-D), which were obtained without blue light treatment, indicated that the occurrence of swelling could be reversibly controlled by R and FR given before a dark pretreatment period; the protoplasts swelled when the dark period followed R (Fig. 3 , A and C), but maintained a steady volume when the dark period followed FR (Fig. 3, B and D) . Therefore, the swelling of protoplasts also depended strictly on the Pfr formed just before the dark period and probably sustained during this period.
As in the case of epidermal protoplasts, the occurrence of blue light-induced shrinking was reversibly controlled by pulses of R and FR in nonepidermal protoplasts (Fig. 3, E-H ). Under the conditions in which the shrinking response took place (i.e. when the dark period followed R) the protoplasts recovered to volumes exceeding the initial 100% level (Fig.  3 , E and G). On the other hand, under the conditions in which the shrinking response could not take place (i.e. when the dark period followed FR) the protoplasts maintained a steady volume (Fig. 3, F and H) . In view of the results in Figure 3 (A-D), it is apparent that the protoplasts recovered their volume exceeding the initial level in the former case because phytochrome-mediated swelling accompanied the shrinking response, and they maintained a steady volume in the latter case because the phytochromemediated swelling was also abolished by the FR treatment.
In the experiments shown in Figures 2 (A-D) and 3 (E-H), protoplasts were exposed to a blue light pulse immediately after the background irradiation with R was resumed to obtain time-lapse photographs. Therefore, the lack of blue light responsiveness in the protoplasts pretreated with FR and darkness was found even when Pfr was present during and after blue light stimulation. This result indicates that Pfr cannot immediately establish the blue light responsiveness.
The reversible control of swelling by R and FR could also be resolved by measuring the protoplast volume after the background irradiation with R was resumed (Fig. 3 , E-H). It appeared that the swelling response was induced by the Pfr present before the volumerecording period of 25 min, but not by the Pfr present during this period. As shown in Figure 4 , the protoplasts pretreated with FR and darkness began to swell 30 min after the background R was turned on. This result indicates that the phytochrome-mediated swelling response was induced with a lag of 30 min after Pfr formation. It is apparent that the protoplasts pretreated with FR and darkness did not swell in response to the R given during the volume-recording period of 25 min because the Pfr produced by this R could not yet induce the swelling response.
Contribution of Phytochromes A and B
The fun1-1 and lv-5 pea mutants (Weller et al., 1995 (Weller et al., , 1997 were used to extend the study on phytochrome involvement. The fun1-1 and lv-5 mutants most probably do not contain any functional phytochrome A and B, respectively, because the mutated phytochrome genes contain stop codons within their sequences (S. Batge, N. Beauchamp, and J.B. Reid, unpublished data; J.B. Reid, personal communication). Experiments were conducted as described for Figure  1 (B and D), but with a little longer period of volume recording before blue light stimulation. The results are summarized in Figure 5 together with those obtained for the wild type (cv Torsdag).
Epidermal and nonepidermal protoplasts of wildtype seedlings shrank in response to a pulse of blue light (Fig. 5, A and D) . The swelling under background R (see the data before time zero) was found in nonepidermal protoplasts (Fig. 5D ), but not in epidermal protoplasts (Fig. 5A ). These results are essentially identical to those from cv Alaska seedlings (Fig. 1) . ). Following the 30-min treatment period, background R irradiation was resumed, time-lapse photography for volume determination was initiated, and the protoplasts were treated with a 30-s pulse of blue light (115 mol m Ϫ2 s Ϫ1 ). The onset of R, the first photograph at time zero, and the onset of blue light were within a few seconds of each other. The treatment protocol is illustrated in each panel, with the black bar representing darkness. The volume of each protoplast was calculated as a percentage of the volume at time zero, the time at which the first photograph was obtained. The means Ϯ SE from 21 to 25 protoplasts are shown.
Light-Dependent Osmoregulation in Pea Stem Protoplasts
The epidermal protoplasts (Fig. 5 , B and C) and the nonepidermal protoplasts (Fig. 5 , E and F) of the two mutants showed a smaller blue light-sensitive shrinking response. These results indicate that phytochromes A and B both contribute to the control of blue light responsiveness. The shrinking response was similar between the two mutants, and the response in either mutant was at most one-half of that in the wild type. It appeared that phytochromes A and B, being equally responsible for the control of blue light responsiveness, are the major phytochromes involved.
The swelling response was also smaller in fun1-1 and lv-5 mutants (Fig. 5, E and F) . The sum of the swelling rates in the two mutants was a little greater than the rate in the wild type. Although the results do not rule out the possible contribution of phytochrome species other than A and B, they at least indicated that phytochromes A and B are the major phytochromes involved in the swelling response. The swelling rate was somewhat less in the fun1-1 mutant than in the lv-5 mutant, suggesting that phytochrome A made a slightly greater contribution than phytochrome B.
The results obtained here indicate that phytochrome A mediates a substantial portion of the R-induced swelling response and the R-dependent control of blue light responsiveness. Because the effects of R were totally FR reversible (Figs. 2 and 3), it appeared that phytochrome A mediates these re- The involvement of phytochrome in the light-dependent volume changes observed in protoplasts of peeled stems. Experiments were conducted as described for Figure 2 with the treatment protocol illustrated in each panel. The protoplasts in E through H were exposed to a pulse of blue light immediately after time zero (see Fig. 2 ), but those in A through D were not exposed. The means Ϯ SE from 23 to 30 protoplasts are shown.
sponses in an R/FR reversible manner. To confirm this point, we next investigated whether or not the effects of R in the lv-5 mutant, which are expected to be due mainly to phytochrome A, could be reversed by FR (Fig. 6 ). The swelling under background R (Fig.  6A ) and the blue light-sensitive shrinking response ( Fig. 6C) were both abolished by the treatment with an FR pulse and darkness (compare with Fig. 5D ). When an R pulse followed the FR pulse, the protoplasts showed clear swelling ( Fig. 6B ) and the blue light-sensitive shrinking response became inducible (Fig. 6D ). These results substantiate the conclusion that phytochrome A mediates the two responses in an R/FR reversible manner. The significance of this finding will be considered in "Discussion."
Ion Relationships in the Swelling Response
We next investigated the relationships of the protoplast swelling under background R, demonstrated to be a phytochrome-mediated response, with ion compositions of the bathing medium. The major inorganic ions of the medium were K ϩ and Cl Ϫ . When K ϩ or Cl Ϫ was replaced by an impermeant ion (tetraethylammonium ion [TEA ϩ ] or iminodiacetic acid [IDA], respectively), protoplasts underwent no swelling (Fig. 7 , B and C; the data between 0 and 20 min). These protoplasts recovered swelling upon resuspension in the standard medium (Fig. 7 , B and C; the data after 45 min). It is clear that the swelling response strictly depended on the presence of K ϩ and Cl Ϫ in the bathing medium. The results indicate that protoplasts swell by taking up K ϩ and Cl Ϫ and that K ϩ and Cl Ϫ must be present for the uptake of either ion.
The protoplasts did not swell when bathed in the medium adjusted to pH 7 ( Fig. 7D ; the data between 0 and 20 min). After resuspension in the standard medium (pH 6) the protoplasts recovered swelling ( Fig.  7D ; the data after 45 min), indicating that the lack of swelling was not due to unspecific cellular damage that might be caused by incubation at pH 7. Thus, the high H ϩ concentration of the standard medium was necessary for the phytochrome-mediated swelling response.
The swelling was inhibited by vanadate added to the bathing medium (Fig. 8) . Complete inhibition occurred after about 70 min of incubation in the vanadate-containing medium (see the legend to Fig.  8 ). The result indicated that the plasma membrane H ϩ -ATPase participates directly or indirectly to the phytochrome-mediated swelling response. Once the swelling was completely inhibited, the protoplasts retained a constant volume for at least 90 min (see the legend to Fig. 8 ).
Dependence on Ca 2؉ of Shrinking and Swelling Responses
Possible roles played by Ca 2ϩ in the bathing medium were investigated using nonepidermal protoplasts. The protoplasts bathed in the Ca 2ϩ -free medium showed a normal shrinking response to a pulse of blue light, including the volume recovery phase ( Fig. 9 ; compare with Fig. 1D) . Therefore, the shrinking response did not depend on the Ca 2ϩ in the bathing medium. In the experiment of Figure 9 the protoplasts were incubated in the Ca 2ϩ -free medium for more than 40 min before time zero. As shown by the results in Figure 3 , the protoplasts lose the capacity to respond to blue light when phytochrome cannot function for 30 min. Therefore, the result in Figure 9 also indicates that the phytochrome-mediated control of blue light responsiveness does not require the presence of Ca 2ϩ in the bathing medium. Although the protoplasts showed a normal shrinking response in the Ca 2ϩ -free medium, the swelling response that takes place under background R was not evident in this medium (compare Figs. 1D and 9 ). The lack of swelling in the Ca 2ϩ -free medium could be confirmed in the result shown in Figure 10 (the data between 0 and 20 min). In this experimen, it was also ascertained that the protoplasts could recover the swelling response upon resuspension in the standard medium ( Fig. 10 ; the data after 45 min). Therefore, the lack of swelling in the Ca 2ϩ -free medium was clearly not caused by any unspecific cellular damage. These results demonstrate that the phytochrome-mediated swelling response requires the presence of Ca 2ϩ in the bathing medium, in contrast to the blue light-sensitive shrinking response and the phytochrome-mediated control of blue light responsiveness. The changes in protoplast volume during prolonged R irradiation after pretreatment with FR and darkness. Protoplasts isolated from peeled stems were pretreated with a 3-min FR pulse and darkness as illustrated and were subsequently incubated under background R. The experimental conditions were identical to those used to obtain the data in Figure 3B except that the volume was monitored for a longer period. The means Ϯ SE from 26 protoplasts are shown.
DISCUSSION

Light-Dependent Control of Protoplast Volume and Tissue Specificity
The protoplasts of pea stems have been shown to shrink in response to a pulse of blue light (Fig. 1) . The time course of this shrinking response is comparable with that shown previously in protoplasts of maize coleoptiles (Wang and Iino, 1997) or Arabidopsis hypocotyls (Wang and Iino, 1998) under comparable conditions. In Arabidopsis, cryptochrome 1 is the nearly sole photoreceptor of the shrinking response (Wang and Iino, 1998) . A cryptochrome 1 homolog is probably responsible for the shrinking response of pea protoplasts. The shrinking response was induced in most of the protoplasts isolated from peeled stems. Furthermore, the protoplasts of epidermal peels, identified to be almost entirely of epidermal origin, could also show a clear shrinking response (Fig. 1B) . It is concluded that the protoplast-shrinking response has little tissue specificity.
In Arabidopsis the cryptochrome-mediated shrinking response is controlled by phytochrome in such a way that the ability of the protoplasts to respond to blue light depends strictly on Pfr (Wang and Iino, 1998) . The results obtained using phytochromedeficient mutants indicate that phytochromes A and B contribute to the control of blue light responsiveness and are the nearly sole photoreceptors involved in this control. Herein we have further shown that the blue light-sensitive shrinking response of pea stem protoplasts is also under the strict control of phytochrome (Figs. 2 and 3) and that phytochromes A and B are the major phytochrome species involved (Fig. 5) . The results also indicate that the shrinking responses of epidermal and nonepidermal protoplasts are similarly controlled by phytochromes A and B.
The protoplasts of maize coleoptiles (Wang and Iino, 1997) and Arabidopsis hypocotyls (Wang and Iino, 1998) were found to swell steadily under background R. At least in the Arabidopsis protoplasts the observed swelling appeared to be a phytochromemediated response because the rate of swelling was significantly reduced in phytochrome-deficient mutants. The similar swelling of pea stem protoplasts observed under background R (Fig. 1C) is clearly a phytochrome-mediated response; this was demonstrated by R/FR reversibility (Fig. 3, A-D) , as well as by reduced swelling rates in fun1-1 and lv-5 mutants (Fig. 5) . . Light-dependent volume changes in protoplasts from fun1-1 and lv-5 mutants. Protoplasts were isolated from epidermal peels (left) or peeled stems (right) of R-grown seedlings of the mutants fun1-1 (B and E) and lv-5 (C and F), and the wild type, cv Torsdag (A and D) and were incubated on the microscope stage under R as described for Figure 1 . In all cases, protoplasts were exposed to a 30-s pulse of blue light (115 mol m Ϫ2 s Ϫ1 ) immediately after time zero (45 min after the onset of incubation). The means Ϯ SE from 21 to 25 protoplasts are shown.
We found that the phytochrome-mediated swelling observed in nonepidermal protoplasts does not take place in epidermal protoplasts (Figs. 1, 2, and 5) . Therefore, the swelling response is not expressed in epidermal protoplasts in a tissue-specific manner. Because phytochromes A and B control the blue light responsiveness in epidermal protoplasts, it is clear that these phytochromes found to mediate the swelling response are present in epidermal protoplasts. It can be concluded that the epidermal protoplast cannot transduce the Pfr signal to cause the swelling response.
Kinetic Features of Phytochrome Responses in Protoplasts
With regard to the phytochrome control of the cryptochrome-mediated shrinking response in Arabidopsis protoplasts, Wang and Iino (1998) have shown that Pfr does not directly interact with cryptochrome or any signal transduction component involved in the shrinking response. This conclusion is based on the result that once the protoplasts have lost blue light responsiveness after treatment with FR and darkness, R cannot immediately bring about blue light responsiveness. In fact, a period longer than 10 min was required before any blue light responsiveness begins to be detectable after Pfr formation. Although we have not investigated the temporal relationship between phytochrome and blue light responsiveness in detail, it could at least be demonstrated that R does not immediately establish blue light responsiveness in pea protoplasts.
The phytochrome-mediated swelling response disappears within 30 min after treatment with an FR pulse (Fig. 3, A-D) and is induced with a lag of about 30 min after the onset of R irradiation (Fig. 4) . In view of such a long lag time in this cellular response it appears probable that the underlying signal transduction pathway involves gene expression, as also suggested for the control of blue light responsiveness (Wang and Iino, 1998) .
At 4°C, the swelling response of wheat protoplasts was already apparent 10 min after the onset of a 5-min R irradiation (Blakeley et al., 1983) . At 15°C, the wheat leaf protoplasts began to swell within 1 min after the onset of a 3-min R irradiation and reached a maximal volume in about 15 min (Bossen et al., 1988) . These results indicate that wheat leaf protoplasts swell much more rapidly than pea stem protoplasts. This kinetic difference might represent contributions of distinct mechanisms. Because we used R-grown seedlings and R-adapted protoplasts in contrast to the experiments with wheat protoplasts in which etiolated seedlings were used, it is also possible that distinct mechanisms operate under the different light conditions. Although the different temperature conditions used preclude direct comparisons, the other studies conducted with etiolated seedlings indicate that the swelling response is induced with a lag longer than in wheat protoplasts, but shorter than in pea protoplasts (Chung et al., 1988; Zhou et al., 1990; Long et al., 1995) . At present it cannot be decided whether the kinetic difference represents different materials or light conditions. . Reversion by FR of the R effect in protoplasts isolated from peeled stems of lv-5 mutant seedlings. Experiments were conducted as described for Figure 2 with the treatment protocol illustrated in each panel. The protoplasts in C and D were exposed to a pulse of blue light immediately after time zero, but those in A and B were not (see Fig. 3 ). The means Ϯ SE from 21 to 25 protoplasts are shown.
Light-Dependent Osmoregulation in Pea Stem Protoplasts
Contribution of Phytochromes A and B, and R/FR Reversibility
In Arabidopsis protoplasts it was noted that phytochrome A contributes to the swelling response more than phytochrome B does (Wang and Iino, 1998) . This relationship was also found for pea protoplasts, although the difference was less pronounced (Fig. 5) . In Arabidopsis protoplasts phytochrome B participated more than phytochrome A in the establishment of blue light responsiveness (Wang and Iino, 1998) . In pea protoplasts the two phytochromes appeared to participate to similar extents in the corresponding response (Fig. 5) .
These results were obtained using seedlings raised under continuous R and preparing protoplasts under R. Under such conditions most of the light-labile phytochrome A, which is present in large amount in etiolated seedlings, would have been degraded in the seedlings and protoplasts used for the experiments (see Furuya, 1993) . Therefore, the results described above indicate that the contribution of phytochrome A is not minor and can even be greater than that of phytochrome B in the material in which most lightlabile phytochrome A is expected to be absent.
It is generally believed that phytochrome A is solely responsible for the very-low-fluence response Figure 7 . Dependence of R-induced protoplast swelling on K ϩ , Cl Ϫ , and H ϩ of the bathing medium. Protoplasts isolated from peeled stems of pea cv Alaska seedlings were washed with and suspended in the standard medium (A; see Fig. 1 for the compositions), a medium in which K ϩ was replaced by TEA ϩ (B), a medium in which Cl Ϫ was replaced by IDA (C), and a medium adjusted to pH 7.0 (D). The protoplasts were incubated under background R as described for Figure 1 and were subjected to time-lapse photography from time zero, which was 25 min after the onset of incubation. After obtaining a photograph at 20 min, protoplasts were washed with and resuspended in the standard medium, incubated again under background R, and subjected to time-lapse photography. The dashed vertical line indicates the time at which the protoplasts were suspended in a large volume of the standard medium (the first step of protoplast washing). The volume of each protoplast was calculated as a percentage of the initial volume before or after the washing treatment. The means Ϯ SE from 19 to 23 protoplasts are shown. and the FR-sensitive high-irradiance response and that phytochrome B is the major phytochrome species responsible for the R/FR reversible, low-fluence response (see Smith, 1995; Casal et al., 1997) . As demonstrated using phytochrome A-deficient Arabidopsis mutants, phytochrome A functions in white light-grown green plants for photoperiod perception (Johnson et al., 1994; Reed et al., 1994) and stemgrowth control (Yanovsky et al., 1995) . Phytochrome A can control the inhibition of hypocotyl growth in an R/FR reversible manner in the transgenic tobacco and Arabidopsis overexpressing phytochrome A (Boylan and Quail, 1991; Nagatani et al., 1991) . To date, however, there is no clear evidence that phytochrome A mediates these responses in an R/FR reversible manner in wild-type plants.
As shown previously, the phytochrome-mediated control of blue light responsiveness in Arabidopsis protoplasts is almost entirely R/FR reversible and yet the phytochrome A clearly participates in the response (Wang and Iino, 1998) . The present study has indicated further that not only the control of blue light responsiveness, but also the swelling response is almost entirely R/FR reversible in pea protoplasts (Fig. 3) . Because the two responses are impaired in the phytochrome A-deficient mutant, it is apparent that phytochrome A contributes to and limits these responses in the presence of phytochrome B (Fig. 5E) . Furthermore, it has been resolved that the portion of these responses remaining in the phytochrome B-deficient mutant is entirely FR reversible (Fig. 6 ). These results demonstrate that phytochrome A can function in an R/FR reversible manner in the material lacking the majority of lightlabile phytochrome A.
Osmoregulation Underlying Light-Induced Protoplast Volume Changes
Blue light has been shown to transiently depolarize the plasma membrane in cucumber hypocotyls (Spalding and Cosgrove, 1989) and to activate plasma membrane anion channels in Arabidopsis hypocotyls (Cho and Spalding, 1996) . The depolarization response (Cho and Spalding, 1996) and the protoplastshrinking response Iino, 1997, 1998) are inhibited by the anion channel inhibitor NPPB. In light of these results and the kinetics of individual responses, Wang and Iino (1998) presented a model in which protoplasts are thought to shrink by extruding anions (mainly Cl Ϫ ) and K ϩ through activated ion channels, thereby reducing the content of osmotic solutes. This model can also account for the shrinking response of pea stems, which has been shown to share basic properties with that of Arabidopsis protoplasts. Blakeley et al. (1983) reported that full expression of the phytochrome-mediated swelling of wheat leaves requires the presence of K ϩ in the medium. However, the swelling response partially took place in the absence of K ϩ . Bossen et al. (1988) showed that phytochrome-mediated swelling of wheat leaf protoplasts does not depend on the presence of K ϩ in the medium. The maximal swelling occurred in a me- Figure 9 . Dependence of the blue light-induced protoplast shrinking on Ca 2ϩ in the bathing medium. Protoplasts isolated from peeled stems of R-grown pea cv Alaska seedlings were washed with and suspended in a Ca 2ϩ -free medium (no CaCl 2 and 1 mM EGTA; otherwise as the standard medium) and incubated under R on the microscope stage as described for Figure 1 . The protoplasts were exposed to a 30-s pulse of blue light (115 mol m Ϫ2 s Ϫ1 ) immediately after time zero. The means Ϯ SE from 20 protoplasts are shown. The data should be compared with those in Figure 1D , which were obtained using identical conditions except for the medium compositions. Figure 10 . Dependence of R-induced protoplast swelling on Ca 2ϩ in the bathing medium. The experiment was conducted as described for Figure 7 . Protoplasts isolated from peeled stems of R-grown pea cv Alaska seedlings were washed with and suspended in a Ca 2ϩ -free medium (see Fig. 9 ). The protoplasts were incubated under R on the microscope stage and the data from 0 to 20 min were obtained. Protoplasts were washed with and resuspended in the standard medium and the data after 45 min were obtained. The means Ϯ SE from 20 or 21 protoplasts are shown. dium containing only 1 mm CaCl 2, 0.5 m sorbitol, and 5 mm MES [2-(N-morpholino)-ethanesulfonic acid]-Tris. It is unlikely that protoplasts take up Ca 2ϩ (and Cl Ϫ ) to an extent that allows the observed swelling (Bossen et al., 1988) . Wheat leaf protoplasts can most probably swell by metabolically enhancing their content of osmotic solutes, and the swelling by this mechanism seems to dominate under certain experimental conditions.
The phytochrome-mediated swelling of Arabidopsis hypocotyl protoplasts depended on the presence of K ϩ and Cl Ϫ in the bathing medium (Wang and Iino, 1998) . The strict and specific dependence on either K ϩ or Cl Ϫ of the swelling response could be clearly demonstrated in pea stem protoplasts (Fig. 7 , B and C). We conclude that the protoplasts of Arabidopsis hypocotyls and pea stems swell by taking up K ϩ and Cl Ϫ from the medium. As also suggested above in view of the difference in lag periods, the mechanism of the swelling response is probably distinct between protoplasts of wheat leaves and those of Arabidopsis hypocotyls and pea stems.
Nonepidermal pea protoplasts retained a nearly constant volume (i.e. did not undergo any obvious shrinkage) when they were not able to swell in the K ϩ -or Cl Ϫ -free medium and in the medium of neutral pH (Fig. 7) . Vanadate-treated protoplasts retained a nearly constant volume for quite a long period after complete inhibition of swelling (Fig. 8) . Similar observations have been made with Arabidopsis protoplasts (Wang and Iino, 1998) . Treatment with NPPB, which totally inhibited the blue lightsensitive shrinking response, did not result in any enhancement of swelling in Arabidopsis protoplasts (Wang and Iino, 1998) . Together, these results suggest that the protoplasts bear very low ion efflux activities. Based on this interpretation and on the fact that protoplasts retain a constant volume when they cannot undergo swelling in the absence of Pfr (Fig. 3,  B and D) , we conclude that Pfr induces swelling by enhancing K ϩ and Cl Ϫ influxes from nearly inactive states.
The sustained influxes of K ϩ and Cl Ϫ underlying the phytochrome-mediated protoplast swelling are interdependent processes, as indicated by the fact that protoplasts cannot swell when either K ϩ or Cl Ϫ is absent from the medium. Although the exact mechanism that allows such coordinated and chargebalancing ion influxes are not known, the following plasma membrane components are expected to play central roles: the H ϩ -ATPase that generates the proton motive force used in the process of ion uptake (Serrano, 1990 ) and the two ion transporters, inwardrectifying K ϩ channel (Maathuis et al., 1997) and Cl Ϫ /H ϩ symporter (Beilby and Walker, 1981; Felle, 1994 ). The Cl Ϫ /H ϩ symporter has been least characterized. In the protoplast system the H ϩ gradient required for Cl Ϫ uptake through Cl Ϫ /H ϩ symporters is largely determined by the pH of the bathing medium. In fact, the swelling response cannot take place at neutral pH (i.e. at pH comparable with the cytosolic pH), supporting the possible participation of a Cl Ϫ /H ϩ symporter (Wang and Iino, 1998 ; Fig. 7D ). The inside negative membrane potential can also fuel the symporter-mediated Cl Ϫ uptake if one Cl Ϫ is taken up together with more than one H ϩ . However, we have obtained no evidence for a contribution of the membrane potential (note that the protoplast swelling was totally inhibited at the neutral pH). As far as the requirement for K ϩ and Cl Ϫ and the sensitivity to medium pH are concerned the ion uptake mechanism for phytochrome-mediated swelling is similar to that for the volume recovery after blue light-induced shrinkage (Wang and Iino, 1998) .
It is expected that phytochrome controls the activity of one or more of the above mentioned membrane components. Because Pfr induces protoplast swelling with a lag time as long as 30 min, it is unlikely that Pfr acts directly on the H ϩ -ATPase or ion transporters. Rather, the long lag suggests that the phytochrome signaling involves gene expression for the limiting membrane component itself or the transduction component acting on the latter. At the moment it is not clear which membrane component limits the ion uptake activity and is more directly controlled by phytochrome. The swelling response is totally inhibited by vanadate (Fig. 8) . Although this result alone does not suggest that phytochrome acts on the H ϩ -ATPase, the possibility that Pfr enhances the net H ϩ -ATPase activity is supported by the result that R stimulates in an R/FR reversible manner the H ϩ excretion by excised segments of coleoptiles and hypocotyls (Pike and Richardson, 1977; Brownlee and Kendrick, 1979; Roth-Bejerano and Hall, 1986) . In Mougeotia cells, inward-rectifying K ϩ channels are indirectly activated by Pfr (Serlin et al., 1996) . Such activation could also account for the protoplastswelling response. The sustained protoplast swelling probably involves an exocytotic increase of the plasma-membrane surface area (see Sutter et al., 2000) . It is another basic question whether or not any such control of the plasma membrane area precedes the net ion uptake underlying the protoplastswelling response.
Ca
2؉ Uptake as a Step of Phytochrome Signal Transduction
The phytochrome-mediated protoplast swelling in protoplasts of wheat leaves (Bossen et al., 1988) and mung bean hypocotyls (Long et al., 1998) has been shown to depend strictly on the presence of Ca 2ϩ in the bathing medium. Such a dependence on Ca 2ϩ was not clear in protoplasts of Arabidopsis hypocotyls (Wang and Iino, 1998) . However, we could clearly demonstrate here that the swelling response of pea stem protoplasts requires the presence of Ca 2ϩ (Figs. 9  and 10) . It has been shown that R induces Ca 2ϩ uptake in Mougeotia cells (Dreyer and Weisenseel, 1979) and in protoplasts of maize leaves (Das and Sopory, 1985) , oat leaves (Chae et al., 1990) , and mung bean hypocotyls (Long et al., 1998) . These results suggest that the phytochrome signal transduction involves Ca 2ϩ uptake and that Ca 2ϩ functions as a second messenger (Roux, 1994) . Although the mechanism of osmoregulation underlying the phytochrome-mediated protoplast swelling may be distinct between leaves (at least of etiolated wheat seedlings) and stems (at least of R-grown pea seedlings) as discussed above, Ca 2ϩ uptake appears to occur as a common step of the signal transduction for protoplast swelling responses.
The result shown in Figure 9 has indicated that the phytochrome-mediated control of blue light responsiveness does not require external Ca 2ϩ . Therefore, unlike the swelling response, the control of blue light responsiveness does not involve Ca 2ϩ uptake as a step of the phytochrome signal transduction. Using a microinjection technique and investigating phytochrome-dependent expression of genes for photosynthesis and anthocyanin biosynthesis, Chua and coworkers have shown that Ca 2ϩ -dependent and -independent pathways can operate in a single cell (Neuhaus et al., 1993; Bowler et al., 1994) . Our results suggest that such different pathways may also be present within a single cell for the expression of genes that are involved in the two phytochrome-mediated responses investigated in the present study.
The volume recovery after the blue light-induced shrinkage, which probably share ion uptake mechanisms with the phytochrome-mediated swelling (see above), does not require the presence of Ca 2ϩ in the medium (Wang and Iino, 1998; Fig. 9 ). This fact favors the idea that Ca 2ϩ is involved more specifically in the transduction of the phytochrome signal.
Physiological Significance of Blue Light-Induced Protoplast Shrinking Wang and Iino (1997) observed that the growth of R-grown maize coleoptiles is inhibited rapidly and transiently by a blue light pulse and also following the onset of continuous blue light with good kinetic correlations to the blue light-induced protoplast shrinking response. In light of such results they hypothesized that the mechanism allowing the protoplast shrinking response mediates the blue lightinduced growth inhibition. The growth of pea stems is inhibited by blue light (Laskowski and Briggs, 1989; Warpeha and Kaufman, 1990) . Laskowski and Briggs (1989) could resolve a rapid blue lightinduced growth inhibition in R-grown pea seedlings.
The occurrence of such a growth inhibition in the material used in the present study agrees with the above-mentioned hypothesis. Our observation that the blue light-sensitive shrinking response was expressed only weakly in the protoplasts isolated from stems that had almost ceased to elongate (see "Results") is also in agreement with the hypothesis.
The cryptochrome 1-deficient hy4 mutant of Arabidopsis is impaired in the blue light-induced inhibition of hypocotyl growth (Koornneef et al., 1980) . Therefore, the suggested relationship between the protoplast-shrinking response and the growth inhibition is supported by the fact that the former response does not occur in hy4 seedlings (Wang and Iino, 1998) . Furthermore, the cryptochrome 1-mediated shrinking response in Arabidopsis protoplasts depends on the preceding presence of the FR-absorbing form of phytochromes A and B in agreement with the result that the full expression of cryptochrome 1-mediated growth inhibition requires the co-action of phytochromes (Casal and Baccalandro, 1995; Ahmad and Cashmore, 1997) .
More recent studies with photoreceptor mutants of Arabidopsis have provided results that call for further careful considerations. Casal and Mazzella (1998) confirmed that cryptochrome 1-mediated growth inhibition depends on phytochrome B by stimulating Arabidopsis seedlings with 3 h of blue light each day while they were exposed to continuous R. However, when blue light was given continuously together with R, no evidence for phytochrome dependence could be obtained. Neff and Chory (1998) and Poppe et al. (1998) could not obtain any evidence that the expression of cryptochrome 1-mediated growth inhibition during continuous blue light depends on phytochrome A or B. It seems likely that the cryptochrome 1-mediated growth inhibition is composed of phytochrome-dependent and -independent responses and that a major part of the phytochrome-dependent one is expressed transiently.
The idea that the cryptochrome 1-mediated protoplast shrinking response participates in the rapid blue light-induced growth inhibition is challenged by the results of Parks et al. (1998) . They found that the rapid growth inhibition observed within 30 min after the onset of blue light irradiation in etiolated Arabidopsis hypocotyls is not impaired in the cryptochrome 1-deficient mutant. The difference in growth rate between wild-type and mutant seedlings became apparent only after exceeding this period. Although the results indicate that a cryptochrome 1-independent growth inhibition constitutes a major part of the rapid growth inhibition in etiolated seedlings, it is possible that a cryptochrome 1-mediated rapid growth inhibition occurs in R-grown seedlings. This possibility follows the fact that the expression of the cryptochrome 1-mediated protoplast shrinking response requires the preceding presence of Pfr (see above).
Even if the protoplast-shrinking response is causally related to the growth inhibition, the mechanism by which growth inhibition is achieved is not clear. It is predicted that the osmoregulation underlying the protoplast shrinking response results in a drop in turgor pressure in the cells from which the protoplasts have been obtained. Wang and Iino (1998) suggested that such a turgor drop may somehow lead to a growth inhibition (compare with Cosgrove, 1988) . Protoplasts of Arabidopsis hypocotyls swell in response to R (Wang and Iino, 1998 ) and yet the growth of these organs is inhibited by R (Koornneef et al., 1980) . This negative relationship appeared to conflict with the above idea, but we found that the phytochrome-mediated swelling response does not take place in pea epidermal protoplasts. Because the growth of stems is probably limited by the extensibility of the epidermis, it is possible that only the turgor in the epidermal cells is linked to growth control.
Physiological Significance of Phytochrome-Mediated Protoplast Swelling Zhou et al. (1990) detected a phytochromemediated (R/FR reversible) swelling response in protoplasts of etiolated, rolled leaves of maize, but not in protoplasts of R-pretreated, unrolled leaves. Furthermore, they did not find any phytochrome-mediated swelling in the protoplasts isolated from etiolated maize coleoptiles and pea leaves. Based on these results, they concluded that the phytochromemediated swelling of leaf protoplasts is causally related to the R-induced leaf unrolling, a response typical to grass leaves, rather than to the R-induced growth stimulation that can be observed in coleoptiles and leaves.
As described above, the phytochrome-mediated swelling response occurs in protoplasts of Arabidopsis hypocotyls and pea stems. This fact does not disprove the possibility that the swelling response of grass leaf protoplasts is involved in the leaf-unrolling process. However, the swelling response found in protoplasts of hypocotyls and stems must be attributed to a physiological process other than leaf unrolling. The growth of hypocotyls and stems is generally inhibited by R. In Arabidopsis hypocotyls (e.g. Neff and Chory, 1998) and pea stems (Weller et al., 1995) , R-induced growth inhibition is clearly a phytochrome-mediated response. Therefore, the alternative possibility that the phytochrome-mediated protoplast swelling is causally related to growth stimulation is also unlikely.
What could then be the physiological role for the phytochrome-mediated swelling of hypocotyl and stem protoplasts? It is expected that the osmoregulation underlying the swelling response causes a rise in turgor pressure when expressed in the cells. Our results suggest that such a rise in turgor occurs in stem tissues other than the epidermis. Furthermore, the swelling response was undetectable in the protoplasts isolated from the stem that had nearly ceased to elongate (see "Results"). The phytochrome-mediated osmoregulation may play a role in maintaining a high tissue tension, which probably represents an important physical and physiological condition in growing stems (see Kutschera, 1987) . This interesting possibility warrants further investigation.
MATERIALS AND METHODS
Plant Materials
Seeds of Alaska peas (Pisum sativum) were purchased from Watanabe Inc. (Miyagi, Japan) and those of fun1-1 and lv-5 mutants and the corresponding wild type, cv Torsdag, were provided by Dr. J. B. Reid (University of Tasmania, Australia). The seeds were surface sterilized with an NaOCl solution, soaked in running tap water for 9 h, and sown on moist paper towels in trays (Haga and Iino, 1997). They were incubated at 25°C under continuous R (2-3 mol m Ϫ2 s Ϫ1 ) in a light-tight growth room (see Wang and Iino, 1997 for the R sources). The seedlings were used for the experiments 5 d after sowing. At this stage of development the third internode constituted the top elongating internode in all materials used.
The approximately 15-mm apical zone located below the hook of the third internode was used to obtain protoplasts. Only those seedlings that had a third internode 20 to 25 mm in length were selected for use. In cv Alaska seedlings grown similarly under R, maximal and uniform elongation took place along the apical 15-mm zone (Haga and Iino, 1997) . The third internode of cv Torsdag seedlings elongated similarly as that of cv Alaska seedlings until they reach the required length and also in the subsequent 2-d period. This observation suggests that the stem zone chosen for use is also the active elongation zone in cv Torsdag seedlings. The third internode of mutant seedlings also elongated similarly. The final internode length in lv-5 seedlings reached after 9 d of incubation (on average about 100 mm) was, however, longer than in cv Torsdag and fun1-1 seedlings (about 75 mm).
Preparation of Protoplasts
All steps of protoplast preparation were carried out at 25°C under R (2-3 mol m Ϫ2 s Ϫ1 ) in the same growth room. Protoplasts were prepared from the epidermal layers peeled from the stem zone described above (epidermal peels) or the zone segments from which epidermal layers were peeled off (peeled stems). In a given experiment, epidermal peels were obtained from 50 to 60 seedlings. Each epidermal peel was immediately placed into 10 mL of an enzyme solution containing 1.7% (w/v) Cellulase-RS (Yakult, Tokyo), 0.1% (w/v) pectolyase Y-23 (Seishin Pharmaceutical, Tokyo), 0.5 m sorbitol, 10 mm KCl, 1 mm CaCl 2 , 20 mm Glc, and 10 mm MES-KOH, pH 5.5. The necessary amount of peel was collected over a period of about 30 min. Peeled stem segments were obtained from five seedlings. The segments were placed into 5 mL of an enzyme solution (as above except the concentrations of cellulase and pectolyase, which were 2.0% and 0.2% [w/v] , respectively) and sliced with a razor blade. The required amount of stem slices was obtained over a period of about 6 min.
The tissues collected in an enzyme solution were vacuum infiltrated (730-750 mm Hg for 10 min) and incubated for 1.5 h on a rotating shaker (60 rpm). The mixture was next filtered through a nylon mesh to remove tissue debris and was centrifuged at 110g for 10 min. The pellet was suspended in 2 mL of a standard bathing medium that contained 0.5 m sorbitol, 10 mm KCl, 1 mm CaCl 2 , 20 mm Glc, and 10 mm MES-KOH, pH 6.0. The suspension was loaded, in a glass tube (10 mm in diameter), on 3 mL of an 18% (v/v) Percoll (Sigma, St. Louis) solution containing other components identical to the bathing medium. After a 5-min centrifugation at 110g, the protoplasts, located at the interface between the Percoll solution and the loaded medium, were collected using a Pasteur pipette. The collected protoplasts were washed by suspending them in 5 mL of the bathing medium and centrifuging them at 110g for 5 min. This washing procedure was repeated once again. The protoplast pellet was suspended in a small amount of the bathing medium to obtain the final preparation (1 ϫ 10 5 -5 ϫ 10 5 protoplasts mL Ϫ1 ).
Measurement of Protoplast Volumes and Light Treatment of Protoplasts
Protoplasts in a microscopic field were monitored for volume using time-lapse photographs as described in Iino (1997, 1998) . In brief, a 200-L portion of the freshly prepared protoplast suspension was added to an all-side clear quartz cuvette (base area 10 ϫ 10 mm) and was incubated on the sample stage of an inverted microscope at 25°C Ϯ 1°C. Unless otherwise specified, protoplasts were continuously irradiated with R (50 mol m Ϫ2 s Ϫ1 ) from the beginning of incubation, and time-lapse photography was initiated at 15 to 30 min of incubation. (The cuvette had to be allowed to stand for about 10 min before all protoplasts settled to the bottom and could be focused for photographing.) The volume of each protoplast was calculated from its diameter and was expressed as a percentage of the volume at a defined time point. Round protoplasts having clear margins were selected for the analysis. No selection was made for protoplast size. The initial volume of the protoplasts of epidermal peels or peeled stems varied considerably and typically ranged between 10 ϫ 10 3 and 200 ϫ 10 3 m 3 (for examples of size distribution, see Iino, 1997, 1998) . The protoplasts bathed in the modified media described below also showed a similar size distribution.
To investigate the effect of blue light, protoplasts were treated with a pulse of blue light while being irradiated with the background R. The experiments investigating the involvement of phytochrome included pretreatments with a period of darkness and a pulse of FR. The R and other light sources were as described in Wang and Iino (1997) .
Chemical Treatments of Protoplasts
The standard bathing medium (see above) was modified to investigate the roles for ions. To replace K ϩ in the medium with TEA ϩ , 10 mm TEA-Cl was used in place of 10 mm KCl, and the pH was adjusted with Tris at 10 mm MES. In addition to its membrane impermeant nature, TEA ϩ binds to a specific locus of K ϩ channels to block K ϩ fluxes (see Brown, 1993) . To replace Cl Ϫ with membrane impermeant IDA, 12 mm IDA, 10 mm KOH, and 1 mm Ca(OH) 2 were used in place of 10 mm KCl and 1 mm CaCl 2 . To prepare a Ca 2ϩ -free medium, CaCl 2 was omitted from the medium composition, and 1 mm EGTA was added. The modified medium was used from the first step of protoplast suspension (i.e. from the step of suspending the protoplast pellet obtained from the enzyme solution). When protoplasts were treated with vanadate, it was added to the standard medium at a concentration of 500 m. The vanadate-containing medium was also used from the first step of protoplast suspension. Other details were as described in Wang and Iino (1998) .
In the experiments on protoplast swelling the protoplasts treated with a modified medium were washed with and resuspended in the standard medium and subjected to further volume recording. This protocol was adopted to evaluate whether the protoplasts could recover from the inhibitory effect of the modified medium. The washing procedure was conducted under R as for the initial protoplast preparation. Because some protoplasts were lost during washing treatment, three cuvettes, each containing a 200-L suspension of protoplasts, were prepared; one cuvette was used for volume recording, and the other two cuvettes were allowed to stand under comparable conditions. After the volume recording, the protoplasts in all cuvettes were combined and washed twice by suspending them in 15 mL of the standard medium and centrifuging them for 5 min at 110g. The final protoplast pellet was suspended in a small amount of the standard medium, and a 200-L portion was used for volume recording.
